1. Introduction {#sec1}
===============

Industrial production of hydrogen is accomplished via steam reforming of natural gas or light oil fractions. However, the utilization of fossil-derived feeds hinders its long-term application due to the concomitant greenhouse emissions and environmental pollution. Over the past decade, significant efforts have been made to accelerate the transition to more sustainable hydrogen sources (e.g., bioethanol, biomethanol, biodiesel, and H~2~O).^[@ref1]^ In particular, steam reforming of methanol (see [reaction [1](#eqr1){ref-type="disp-formula"}](#eqr1){ref-type="disp-formula"}) offers several advantages when compared to reforming of other renewable feedstocks. Methanol is one of the most efficient energy carriers due to its high molecular H/C ratio (four hydrogen atoms per carbon). Unlike ethanol, the absence of recalcitrant C--C bonds favors the reforming process at low temperatures (240--260 °C), reducing the risk of coke formation typically observed in ethanol reforming (350--800 °C). At the same time, operation at lower temperatures reduces the CO formation since methanol thermal decomposition (see [reaction [2](#eqr2){ref-type="disp-formula"}](#eqr2){ref-type="disp-formula"}) is inhibited at low temperatures. Additionally, utilization of low temperatures is beneficial for the water--gas shift reaction (WGS; see [reaction [3](#eqr3){ref-type="disp-formula"}](#eqr3){ref-type="disp-formula"}), which leads to low levels of CO in the reformate stream.^[@ref2]^ As a result, it is possible to avoid the use of specialized materials in the reactor construction, lowering the overall cost of the system.^[@ref3]^ Finally, operating at relatively mild conditions minimizes undesired surface reconstruction and particle sintering during reaction.^[@ref4]^

Copper supported on ZnO/Al~2~O~3~ oxides is the most commonly used catalyst for methanol steam reforming due to its high activity at low temperatures and high selectivity to H~2~.^[@ref5],[@ref6],[@ref15]−[@ref24],[@ref7],[@ref25],[@ref8]−[@ref14]^ In this catalyst, oxygenated molecules bind with the "ideal" strength and configuration to metallic Cu, which facilitates the activation of water molecules and methanol on the surface to produce carboxyl- and carbonyl-containing species that can easily undergo decomposition to CO~2~ and H~2~.^[@ref11],[@ref13],[@ref26],[@ref27]^ This results in high selectivity to the reforming products (i.e., CO~2~ and H~2~) and very low decarbonylation and methanation byproducts (i.e., CO and CH~4~).^[@ref4]^ For this reason, Cu catalysts have been the subject of extensive research using partially reducible metal oxides (e.g., CeO~2~ and TiO~2~)^[@ref4],[@ref5],[@ref34]−[@ref40],[@ref6],[@ref19],[@ref28]−[@ref33]^ and nonreducible metal oxides (e.g., SiO~2~, Al~2~O~3~) as catalyst supports.^[@ref4],[@ref5],[@ref34],[@ref6],[@ref19],[@ref28]−[@ref33]^

Recently, it has been shown that Cu/ZnO-Al~2~O~3~ is an extremely dynamic catalytic system under industrial reaction conditions as evidenced by in situ and ex situ characterization using bulk, surface sensitive, and imaging methods.^[@ref41]^ These catalysts undergo significant structural changes that drastically affect the selectivity, activity, and ultimately stability of the Cu catalysts.^[@ref42]^ Therefore, understanding the nature of the interactions between Cu clusters and metal oxides is of primary interest to successfully design new catalytic materials with improved catalytic activity, selectivity, and stability. For this reason, in this study, we decided to evaluate the performance of a copper catalyst supported on metal oxides with different surface reducibility, acidity, topology, and crystalline structure to establish activity--structure relationships. For this purpose, we synthesized, characterized, and tested a set of Cu catalysts supported on nanosized SiO~2~, Al~2~O~3~--SiO~2~, TiO~2~ rutile, and TiO~2~ anatase for methanol steam reforming. In addition, the effect of pressure was investigated for the most active catalyst (Cu/SiO~2~). At high pressures, it will be possible to directly connect the reactor effluent to a membrane separation unit, decreasing the associated capital and operational costs as the membrane footprint will be substantially reduced.^[@ref43]^ This high-purity hydrogen can be fed to a refuelling station at higher pressures, reducing the number of compression stages required to reach the 600 bar of pressure required in mobility applications.^[@ref44],[@ref45]^

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

The methanol used in the reaction was Chromasolv HPLC grade purchased from Sigma-Aldrich with a purity above 99.9%. Copper(II) nitrate trihydrate used as a precursor was also obtained from Sigma-Aldrich (purity ≥99%). The four supports used and their descriptions can be found in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Description and Physical Properties of the Supports Employed for Catalyst Synthesis

  support                       description        supplier             BET surface area (m^2^ g^--1^)
  ----------------------------- ------------------ -------------------- --------------------------------
  SiO~2~                        Aerosil 380        Evonik               350--410
  Al~2~O~3~--SiO~2~ (70%/30%)   Siral 40 HPV       Sasol                500
  TiO~2~ (100% rutile)                             Sigma-Aldrich        50
  TiO~2~ (100% anatase)         Crystal Activ G5   Crystal France SAS   370

2.2. Catalyst Synthesis {#sec2.2}
-----------------------

Four different supports were selected to study the performance of copper based catalysts on the methanol steam reforming reaction in the vapor phase. The catalysts studied were prepared by wet impregnation using copper(II) nitrate tryhidrate as a precursor with a loading of 20 wt %. The salt was dissolved using DI water, and the support was added while the solution was stirred (500 rpm). The dispersion was stirred for 48 h at room temperature before evaporating the solvent at 110 °C, maintaining continuous stirring (200 rpm). After this step, the solid was dried at 100 °C overnight. Once the powder was completely dried, it was calcined at 600 °C over 4 h (10 °C min^--1^).

2.3. Catalyst Characterization {#sec2.3}
------------------------------

The catalysts were characterized by temperature-programmed reduction (TPR), temperature-programmed desorption of NH~3~ (NH~3~-TPD), N~2~-physisorption, thermal gravimetric analysis (TGA), X-ray diffraction (XRD), and transmission electron microscopy (TEM). TPR characterization of 30 mg of catalyst was performed on a Micromeritics Autochem II 2920 using a gas mixture of 10% H~2~ in Ar at a flow rate of 50 mL min^--1^ with a linear heating rate of 5 °C min^--1^ up to 900 °C and holding time of 1 min. H~2~ consumption was determined by a thermal conductivity detector. NH~3~-TPD was measured using Micromeritics Autochem II 2920 employing a gas mixture of 15 vol % NH~3~/He. The surface was initially cleaned with He, then it was reduced in 50 sccm of H~2~/Ar 10/90 vol % at 230 °C for 3 h to replicate the reduction conditions employed during the catalyst activation. Then, the system was purged with He at 230 °C to remove any water formed. Once the temperature reached 35 °C, 15% NH~3~/He was passed through the sample for 60 min. Finally, a temperature ramp of 10 °C min^--1^ up to 900 °C was employed to study the desorption profile. Total acidity of the catalysts was determined by integrating the area under the curve of the NH~3~-TPD. The desorption was measured by thermal conductivity detector (TCD). Nitrogen adsorption isotherms were obtained using a Micromeritics ASAP 2020. The data were fitted using Brunauer--Emmett--Teller (BET) theory to calculate surface area and porous size distribution. The physisorption of nitrogen was performed at liquid nitrogen temperature (77 K), and the degasification step was carried out at 200 °C over 4 h. Prior to analysis, the samples were degassed in situ at 230 °C for 24 h. The micropore volume was derived from the t-plot method (relative pressure range: 0.2--0.6), and the total pore volume was determined at *p*/*p*~0~ = 0.99. Surface areas were measured before and after reaction. The crystallinity of the sample and the identification of the crystalline species were determined using a D8I Bruker XRD for powder samples with incident slits and with a Cu anode working at 40 kV and 40 mA. The data were collected in an angle range from 30 to 60°. A semiquantitative method was used to determine the crystalline structure by comparison to the database of Joint Committee on Powder Diffraction Standards (JCPDS). The average size of the crystallites was calculated using the Debye--Scherrer eq ([eq [4](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}).

For the HRTEM characterization, a Philips CM200 microscope (200 kV) with a structural resolution of 0.14 nm between lines and 0.23 nm between points equipped with X-ray Energy Dispersive Analyzer (EDX X-Max 80T, Oxford Instruments) and a CCD GATAN camera for image acquisitions was employed to characterize the nanostructure of the catalysts. Each sample was prepared by sonicating the powder in n-butanol to improve the dispersion of the particles. The catalyst particles were dropwise transferred to a holey carbon coated 300 mesh copper grid. The catalysts were characterized before and after reaction. TGA experiments were performed in a TA Instruments SDT Q-600 thermobalance. The TGA analyses were performed using high purity air to measure the amount of carbon deposited on the catalyst. The first step consists of an increasing temperature ramp from 25 to 110 °C at a rate of 5 °C min^--1^. Once 110 °C is reached, the temperature is maintained for 20 min before carrying out a quenching to 40 °C. Then, the temperature is increased to 550 °C at a ramp of 10 °C min^--1^. Finally, 550 °C is maintained over 60 min.

2.4. Reaction System {#sec2.4}
--------------------

The catalytic activity and selectivity of the different catalysts were measured in the vapor phase using an automated Microactivity Effi reactor from PID at low and high pressures. The methanol/water mixture was fed by an HPLC pump and evaporated at 180 °C. The steam to methanol ratio was 1:1.5. The vapor stream entered the reactor and passed through the catalyst bed placed inside a tubular reactor made of stainless steel 310 at the desired reaction temperature and pressure. Once steady state conditions were achieved, the product stream was sent to a condenser where the unreacted methanol and water were eliminated. The reforming stream was continuously analyzed by gas chromatography. The analysis of the liquid phase allowed the quantification of the conversion, and undesired condensable products formed. The conversion was calculated in terms of methanol consumed, and the selectivity was determined considering the products obtained through the reaction, i.e., *S*~H~2~~ = mol min^--1^ H~2~/(mol min^--1^ H~2~ + mol min^--1^ CO~2~ + mol min^--1^ CO); *S*~CO~ = mol min^--1^ CO/(mol min^--1^ H~2~ + mol min^--1^ CO~2~ + mol min^--1^ CO). The carbon mass balance in all the experiments was above ∼95%.

3. Results and Discussion {#sec3}
=========================

3.1. Steam Reforming of Methanol on Cu Catalysts {#sec3.1}
------------------------------------------------

### 3.1.1. Effect of the Catalyst Support {#sec3.1.1}

The catalysts were tested for the methanol steam reforming reaction at 280 °C using a continuous flow reactor for at least 4 h ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The catalytic activity and stability of these materials measured in terms of hydrogen production varied significantly depending on the support employed. For instance, on Cu/SiO~2~ the catalytic activity was significantly higher than the rest of the catalysts with values around 1750 μmol H~2~ min^--1^ g~cat~^--1^ at 80% methanol conversion. While this value was significantly higher than those observed on Cu supported on Al~2~O~3~, TiO~2~ rutile, and TiO~2~ anatase, the level of conversion was close to the equilibrium (\>99%). Therefore, Cu-SiO~2~ true catalytic activity cannot be determined under these conditions. To properly address this issue, additional experiments were performed at lower conversion (60%), and the activity under steady state conditions was ∼5500 μmol H~2~ min^--1^ g~cat~^--1^ (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). Notably, in the case of Al~2~O~3~--SiO~2~, the hydrogen production rate started at ∼700 μmol H~2~ min^--1^ g~cat~^--1^ and progressively decreased to ∼500 μmol H~2~ min^--1^ g~cat~^--1^ after 5 h of reaction. Cu/TiO~2~ rutile showed higher productivities than Cu/Al~2~O~3~--SiO~2~ with values of ∼800 μmol H~2~ min^--1^ g~cat~^--1^.

![Catalytic activity as a function of time on stream of the different catalysts: Cu/SiO~2~ (■), Cu/Al~2~O~3~--SiO~2~ (●), Cu/TiO~2~ rutile (▲), and Cu/TiO~2~ anatase (▼) during steam reforming of methanol at atmospheric pressure and 280 °C and a steam to methanol ratio of 1:1.5.](ie-2018-02488b_0001){#fig1}

In terms of stability, Cu/TiO~2~ rutile retained its catalytic activity throughout the 5 h of reaction. In contrast, Cu/TiO~2~ anatase showed significant rates of deactivation and low H~2~ productivity. At the beginning of the reaction, the activity was 180 μmol H~2~ min^--1^ g~cat~^--1^, and after 4 h of reaction this value decreased to 21.8 μmol H~2~ min^--1^ g~cat~^--1^. As a result, the catalytic activity of the Cu catalysts followed the following trend SiO~2~ \> TiO~2~ rutile \> Al~2~O~3~--SiO~2~ \> TiO~2~ anatase. Furthermore, assessment of the internal mass transport limitations using the Weisz--Prater criterion showed that these catalysts are not affected by intraparticle diffusion limitations (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)).

The average product distribution obtained during the 4--5 h reaction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) indicated that on Cu catalysts the formation of light hydrocarbons (methane, ethane, ethylene) was undetectable using GC-FID/TCD; except on TiO~2~ anatase, small quantities of CH~4~ were observed (0.04 mol % in wet basis). Furthermore, analyses of the liquid condensate collected after the microreactor step indicated that no oxygenated species were formed during reaction. On Cu/SiO~2~ and Cu/TiO~2~ rutile catalysts, the CO concentration was significantly higher (∼0.35 and 0.2 mol %, respectively), while in the case of Cu/Al~2~O~3~--SiO~2~ and Cu/TiO~2~ anatase only ∼0.05 mol % was detected ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

![Product distribution (a) and carbon monoxide composition (b) on a wet basis obtained after 4 h of methanol steam reforming at atmospheric pressure and 280 °C for Cu/SiO~2~, Cu/Al~2~O~3~--SiO~2~, Cu/TiO~2~ rutile, and Cu/TiO~2~ anatase at a W/F of 1200 kg/L h^--1^.](ie-2018-02488b_0002){#fig2}

In terms of selectivity, however, Cu/TiO~2~ anatase showed the highest CO and CH~4~ selectivity with values of 2.3 and 2%, respectively (see [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). In contrast, Cu supported on SiO~2~, Al~2~O~3~--SiO~2~, and TiO~2~ rutile resulted in CO selectivity below 0.5% and negligible CH~4~ amounts at similar levels of conversion. The ratio of CO~2~ to CO and H~2~ to CO~2~ are good indicators of the contributions of the methanol reforming reaction, methanol decomposition, and coke formation.^[@ref3],[@ref4]^ For instance, on Cu supported on SiO~2~, Al~2~O~3~--SiO~2~, and TiO~2~ rutile, similar ratios of H~2~/CO~2~ were obtained with values ranging from 3.1 to 3.3. In contrast, Cu/TiO~2~ anatase showed a H~2~/CO~2~ ratio above 3.5. The higher ratio of hydrogen to carbon dioxide on Cu/TiO~2~ anatase could be associated with higher rates of methanol decomposition or other parallel pathways that can generate hydrogen (e.g., coke deposition and dehydrogenation). At the same time, the CO~2~/CO ratio value was 7.40, which is significantly lower than that obtained on SiO~2~ (231), Al~2~O~3~--SiO~2~ (87), and TiO~2~ rutile (47) catalysts. The low catalytic activity and poor stability and selectivity of Cu/TiO~2~ anatase compared to rutile could be associated with the differences in the Lewis acidity of partially uncoordinated Ti^4+^ cations, which in turn affects the interaction of polar molecules with the surface.^[@ref46]−[@ref48]^

### 3.1.2. Effect of W/F, Temperature, and Pressure on Cu/SiO~2~ Performance {#sec3.1.2}

To further explore the stability, selectivity, and activity of the Cu/SiO~2~ catalyst, we decided to investigate the product distribution as a function of the catalyst to feed ratio and time on stream (TOS) at low and high temperatures (260--280 °C) and pressures (1 and 25 bar). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, increasing temperature enhanced the activity; however, as the conversion approached the equilibrium (∼90%), this effect was attenuated. Notably, the ratio of H~2~ to CO~2~ increased from 3.32 to 3.64 when the temperature was increased from 260 to 300 °C. The opposite trend was observed on the CO to CO~2~ ratio (see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). This ratio drastically decreased from 153 to 45 with temperature. These trends could be attributed to a combination of different factors, including (1) changes in the relative kinetics of methanol decomposition ([reaction [2](#eqr2){ref-type="disp-formula"}](#eqr2){ref-type="disp-formula"}) and reforming reaction ([reaction [1](#eqr1){ref-type="disp-formula"}](#eqr1){ref-type="disp-formula"}), (2) differences in surface coverage as the conversion increases, and (3) surface reconstruction accompanied by Cu sintering.^[@ref26]^ Due to the high conversions reached under these reaction conditions, it was not possible to assess the activation energies. This issue will be addressed in future studies in our group.

![Product distribution on a wet basis as a function of W/F obtained during methanol steam reforming at atmospheric pressure on Cu/SiO~2~ at different W/F (300--1200 kg of catalyst/L·s^--1^) and temperatures (260--300 °C).](ie-2018-02488b_0003){#fig3}

The stability of the catalyst was studied under four different reaction conditions over the course of ∼20 h, in which catalyst-to-feed ratio (W/F) was varied from 300 to 600 kg/(L s^--1^) at reaction temperatures ranging from 260 to 300 °C and atmospheric pressure ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). Initially, the catalyst was operated at an intermediate W/F of 300 kg/(L s^--1^) and 260 °C for 4 h reaching a conversion of 56% and high selectivity for CO~2~ and H~2~ with no apparent changes over the course of the reaction. The catalyst showed no sign of deactivation even at high temperatures. Further studies at high and low pressures were performed to determine the stability of the catalyst and selectivity under harsh reaction environments. The results showed that in the case Cu/SiO~2~ the conversion and product distributions remained constant over the TOS explored at low and high pressures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). However, the conversion and products concentration at high pressure were reduced compared to those obtained at low pressure. This change in activity was accompanied by a change in selectivity. The CO concentration was 0.3 mol % at low pressures (TOS ranging 10 to 80 h), while in the high pressure tests this value was nearly 3-fold higher (∼0.9 mol %). One could imagine that as pressure increases, capillary condensation inside the porous structure of the catalyst is favored.^[@ref49]^ The liquid layer could create additional limitations to the mass transport of molecules or solvate kinetically relevant reaction intermediates.^[@ref50]−[@ref53]^ In turn, the reaction kinetics are attenuated. In addition, it could be possible that upon formation of liquid inside the porous structure, the Cu catalyst surface is modified or reconstructed, hindering the formation of the surface formate (−HCOOH) via η^1^(O)-binding, which is believed to be the precursor of CO~2~ and hydrogen in methanol reforming on oxophilic catalytic surfaces (e.g., Cu).

![Product distribution on a wet basis as a function of time on stream (TOS) obtained during methanol steam reforming at atmospheric pressure and 25 bar at 280 °C on Cu/SiO~2~ at different W/F (1200 kg of catalyst/L h^--1^).](ie-2018-02488b_0004){#fig4}

Here, it is important to remember that at high conversions it is not possible to determine the stability of a catalyst solely based on the TOS profile as an excess of catalyst will mask the deactivation. For this reason, postreaction characterization was performed to determine the extent of catalyst sintering and coke deposition (see [section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}).

3.2. Catalysts Characterization {#sec3.2}
-------------------------------

### 3.2.1. Reducibility and Acidity {#sec3.2.1}

To interpret the differences in activity and selectivity observed, we decided to characterize the reducibility and acidity of these catalysts by temperature-programmed reduction (TPR) and temperature-programmed desorption of ammonia (TPD-NH~3~). As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, SiO~2~ and Al~2~O~3~--SiO~2~ showed a symmetric peak centered at 275 and 256 °C, respectively (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). This reduction peak was assigned to the reduction of Cu^2+^ to Cu^0^.^[@ref26]^ In contrast, a more complex fingerprint of Cu reduction was observed on TiO~2~ rutile and anatase ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d). The Cu supported on a TiO~2~ rutile catalyst was reduced between 90 and 215 °C with a maximum at 184 °C, while on TiO~2~ anatase, the Cu reduction started at higher temperatures (∼120 °C) with its maximum centered at 193 °C. As shown in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf), the extent of reduction for the four catalysts was similar (90 to 98%), indicating that reduction can be accomplished at lower temperatures than those reported for bulk Cu (350--500 °C).^[@ref28]^

![Temperature-programmed reduction of the Cu/SiO~2~ (a), Cu/Al~2~O~3~--SiO~2~ (b), Cu/TiO~2~ rutile (c), Cu/TiO~2~ anatase (d) catalysts.](ie-2018-02488b_0005){#fig5}

To further understand the differences between the four catalysts, the TPR profiles were deconvoluted and quantified using a Gaussian fitting model. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d, the TPR profile was fitted using three Gaussian curves centered at approximately 135, 180, and 195 °C, for Cu on TiO~2~ rutile and anatase (distribution plot in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). The results indicated that on TiO~2~ anatase the major contribution to the hydrogen consumption took place at around 195--200 °C, while in the case of TiO~2~ rutile the reduction occurred at the lower temperature ranges of 130--135 °C and 180--185 °C (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). The higher reducibility of Cu on TiO~2~ rutile and anatase could be attributed to metal--support interactions, which can alter the electronic properties of the Cu surface.^[@ref54]−[@ref56]^ The lower reduction temperatures of Cu supported on TiO~2~ rutile could be attributed to a higher degree of metal dispersion.^[@ref57],[@ref58]^ In contrast, on nonreducible metal oxides (e.g., SiO~2~ and Al~2~O~3~--SiO~2~), all the Cu clusters were reduced at higher temperatures and in a narrow temperature range (260--270 °C).

TPD-NH~3~ analyses were performed to measure the catalyst acidity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The desorption of NH~3~ on SiO~2~ and Al~2~O~3~--SiO~2~ started at mild temperatures (∼38 °C) and finished at 340 and 458 °C, respectively. On Cu/SiO~2~, two desorption peaks were observed at 70 and 340 °C. In the case of Cu/Al~2~O~3~--SiO~2~, two broad desorption peaks were observed, the first one at 80 °C and the second one at 290 °C. In contrast, in Cu/TiO~2~-supported catalysts the amount of NH~3~ desorbed was negligible. In the case of Cu/TiO~2~ anatase, a broad peak was observed in the low temperature range (68--142 °C). Similarly, on Cu/TiO~2~ rutile the desorption extended from 78 to 170 °C. While it is tempting to associate the desorption temperatures to the surface--adsorbate interactions, the studies published by Prof. R. Gorte demonstrated that the possible interference of other phenomena (e.g., mass transport limitations and adsorbate--adsorbate interactions) hinders the utilization of this technique to obtain energetic parameters.^[@ref59]−[@ref62]^ As a result, it is not possible to obtain valid conclusions regarding strength of the acid sites on the materials herein studied. Instead, the total acid site density has been calculated (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![Temperature-programmed desorption of ammonia (TPD-NH~3~) fingerprints for the Cu/SiO~2~ (a), Cu/Al~2~O~3~--SiO~2~ (b), Cu/TiO~2~ rutile (c), Cu/TiO~2~ anatase (d) catalysts.](ie-2018-02488b_0006){#fig6}

###### Acid Site Density of the Different Catalysts Obtained from Temperature Programmed Desorption of Ammonia (NH~3~-TPD)

  catalysts              acid site density (μmol g^--1^)   acid site density (μmol m^--2^)
  ---------------------- --------------------------------- ---------------------------------
  Cu/SiO~2~              503.9                             2.2
  Cu/Al~2~O~3~--SiO~2~   1871.1                            6.7
  Cu/TiO~2~ rutile       17.6                              1.8
  Cu/TiO~2~ anatase      33.2                              3.3

The concentration of acid sites on TiO~2~ rutile and anatase was rather small. One would expect the metal-TiO~2~ catalysts to have a higher concentration of acid sites. For instance, Aranda et al.^[@ref63]^ reported that on Ru supported TiO~2~ catalysts, the surface acid site concentrations varied from 312 to 551 μmol NH~3~ g~cat~^--1^. However, in that case, the interaction of Ru clusters with the support facilitated the reduction of the Ti^4+^ to Ti^3+^ cations. These oxygen vacancies effectively bound ammonia to the catalyst surface, resulting in a higher surface concentration of acid sites. Similar results have been published by Pham et al. on Ru/TiO~2~/C for the decarboxylative ketonization of organic acids in the liquid phase.^[@ref64]^ In the case of Cu/TiO~2~, the extent of support (TiO~2~) reduction was negligible, as shown by TPR measurements ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)), explaining the lower concentration of surface acid sites or Ti^δ+^ uncoordinated cations. As expected, the highest concentration of acid sites per gram of catalyst was observed on Cu/Al~2~O~3~--SiO~2~. On this catalyst, the primary source of acidity comes from the Si--O--Al bridging sites, where the charge unbalance between Si^4+^ and Al^3+^ creates an acid site. In the dehydrated state, the Al^3+^ cations bonded to three oxygens have an electron-pair vacancy that can be filled by sharing an electron pair with a base, i.e., Lewis acid sites. In the presence of water, the Al cations serve as electron acceptors of one free-electron of oxygen in H~2~O leaving an ionizable proton available for reaction, i.e., Brønsted acid sites.^[@ref65],[@ref66]^ At the reaction conditions herein employed, the high concentration of vapor water facilitates the formation of Brønsted acid sites on the catalyst surface. These sites can accelerate the formation of unsaturated species that can polymerize on the surface deactivating the Cu clusters, explaining the fast rate of catalyst deactivation observed on Cu/Al~2~O~3~--SiO~2~ catalysts.

Notably, on SiO~2~, the stability and catalytic activity were not affected by the presence of a small concentration of acid sites. To rationalize these results, it is important to consider the reaction mechanism behind the steam reforming reaction of methanol. Detailed kinetic analysis of methanol steam reforming on Cu, Pd, Pt, Ni, and Rh supported on SiO~2~ has shown that on Cu surfaces the reaction mechanism is drastically different, when compared to the other metals.^[@ref12],[@ref13],[@ref67]^ According to Takezawa and Iwasa, the methanol reforming reaction on Cu starts with the dehydrogenation of CH~3~OH to HCHO. This surface aldehyde is attacked by nucleophilic addition of −OH or H~2~O to produce a HCOOH species that easily decomposes into CO~2~ and H~2~. Surface science studies have shown that aldehydes adsorb on IB metals (e.g., Cu and Ag) preferentially via η^1^(O)-structure. In this configuration, the molecular identity of the C--O bond is retained, which facilitates the nucleophilic attack of −OH surface species. This mechanism is very different from that observed on group VIII metals, where η^2^(CO) binding is more favorable and decomposition of methanol to CO and H~2~ is enhanced. Sagar et al.^[@ref57]^ showed that moderate and weak acidic sites of Al~2~O~3~--ZrO~2~ were beneficial for the dehydrogenation of cyclohexanol. One can envision that on Cu/SiO~2~ the lower concentration and weaker acid sites favored the stability of the catalyst compared to Al~2~O~3~--SiO~2~, where the formation of unsaturated oxygenates accelerated carbon deposition on Cu and pore blockage.

3.3. Assessment of the Catalyst Deactivation {#sec3.3}
--------------------------------------------

### 3.3.1. Thermal Gravimetric Analysis (TGA) {#sec3.3.1}

Thermal gravimetric analysis of the catalysts after reaction was performed to determine the concentration and type of carbon deposits after reaction. It is worth mentioning that in the case of Cu/SiO~2~ the analysis was performed after 20 h of continuous reaction, while the rest of the catalysts were analyzed after 5 h of reaction. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, all the samples, except for Cu/Al~2~O~3~--SiO~2~, showed a net growth of mass, which could be a consequence of the oxidation of metallic copper to CuO. This oxidation can be clearly observed in the sample Cu/TiO~2~ anatase, where a two-step mass growth was evident. The first step was associated with the oxidation from Cu to Cu~2~O, and the second one was due to the step Cu~2~O to CuO. The theoretical total mass increase was 5%. This value was reached only in the Cu/TiO~2~ anatase. Notably, on Cu/SiO~2~ and Cu/TiO~2~ rutile mass growth was 4.2% and 2.8%, respectively. The differences between experimental and theoretical mass increase could be caused by diffusional limitations of air inside the catalyst particles, originated by a partial collapse of the support (especially in TiO~2~ rutile) or due to a simultaneous copper oxidation and coke elimination. The sharp mass loss observed on Cu/SiO~2~ could be attributed to this process. The presence of carbon residues was more prominent in Cu/Al~2~O~3~--SiO~2~ where the decrease of the mass was constant (∼7%). The carbon content for each sample was estimated assuming that during the TGA analysis (a) all the Cu metal (i.e., 20%) was oxidized to CuO, leading to a theoretical weight gain of 5.03%, and (b) all the carbon deposits were oxidized to CO~2~ and H~2~O. The results of this analysis are summarized in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf). Here, it can be noted that carbon content reached the highest value on Cu/Al~2~O~3~--SiO~2~ (∼12%). In this sample, the fast mass losses at the beginning of the experiment could be attributed to the presence of volatile species absorbed and carbon deposits.

![Thermal gravimetric analyses of the different catalysts after 5 h (20 h for Cu/SiO~2~) of a steam reforming reaction at atmospheric pressure and 280 °C using an aqueous solution of methanol (13.4 M). The samples analyzed were Cu/SiO~2~ (a), Cu/Al~2~O~3~--SiO~2~ (b), Cu/TiO~2~ rutile (c), and Cu/TiO~2~ anatase (d). The weight evolution is presented in a continuous line (left axis) and the temperature in a dashed line (right axis).](ie-2018-02488b_0007){#fig7}

In a recent review, it was highlighted that methanol can undergo C--C bond coupling to form unsaturated hydrocarbons (i.e., methanol to olefins) in the presence of acid sites, disproving previous studies that suggested that these C--C couplings during the methanol to olefins process was due to small impurities in the feed.^[@ref68]^ Although the reaction temperatures herein employed are relatively lower than in the case of the methanol to olefins process, the surface reaction intermediates are the same (i.e., surface formate). This intermediate can either decompose to H~2~ and CO~2~ on a metallic Cu site^[@ref12],[@ref13],[@ref67]^ or undergo C--C coupling to form unsaturated hydrocarbons on an acid site. This surface formate is also reported to be responsible for the high selectivity to H~2~ and CO~2~ on Cu catalysts.^[@ref68]^ Thus, it is possible that the higher acidity of the Cu/Al~2~O~3~--SiO~2~ catalyst is responsible for the fast rates of deactivation and large carbon deposits (see [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). In contrast, on Cu/SiO~2~ the acid sites did not activate C--C coupling reactions. This is even more relevant if one considers that, in the case of Cu supported on SiO~2~, the reaction experiments were performed for 20 h and temperatures ranging from 260 to 300 °C.

### 3.3.2. Textural and Microstructure Characterization (N~2~ Physisorption, XRD, HR-TEM) {#sec3.3.2}

Detailed characterization by N~2~ physisorption, XRD, and HRTEM was performed to further understand the differences in catalytic activity and stability for the methanol steam reforming reaction. As shown in [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf), all the samples showed a type IV adsorption curve. Cu/SiO~2~ and Cu/Al~2~O~3~--SiO~2~ showed the presence of desorption hysteresis caused by the presence of meso-porosity in the system. In contrast, in the Cu/TiO~2~ anatase and rutile catalysts, the hysteresis process is less pronounced. As shown by BJH analysis of the data ([Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)), all the materials were meso- and macroporous. In the case of the Cu/SiO~2~ catalyst, the pore size distribution was narrower, and the maximum of the distribution was centered at ∼320 Å. In contrast, on Cu/Al~2~O~3~--SiO~2~ the distribution of pore sizes was wider and centered at ∼71 Å. As a result, the average pore size, determined by Brunauer--Emmett--Teller (BET) theory, was larger on Cu/SiO~2~ (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). On TiO~2~ rutile and anatase, the pore size distributions were wider, and the maxima of the peaks were centered at ∼400 and ∼700 Å, respectively.

###### Surface Area, Micro- and Mesoporous Area, Ratio Meso- to Microporous Area, and Average Pore Size of Cu/SiO~2~, Cu/Al~2~O~3~--SiO~2~, Cu/TiO~2~ Rutile, Cu/TiO~2~ Anatase before (BR) and after Reaction (AR)

  catalysts              surface area (m^2^ g^--1^)    microporous area (m^2^ g^--1^)   mesoporous area (^2^ g^--1^)   average pore size (Å)  
  ---------------------- ---------------------------- -------------------------------- ------------------------------ ----------------------- -----
  Cu/SiO~2~              BR                                         228                              8                          220            188
  AR                     223                                         1                              222                         195           
  Cu/SiO~2~--Al~2~O~3~   BR                                         279                              21                         258            115
  AR                     214                                         7                              207                         124           
  Cu/TiO~2~ (rutile)     BR                                          10                             0.8                          9             138
  AR                     11                                         0.9                              10                         155           
  Cu/TiO~2~ (anatase)    BR                                          10                             1.1                          9             233
  AR                     16                                         0.5                              15                         219           

Notably, after reaction the relative saturation pressure for all the catalysts is lower, indicating a decrease in the N~2~-accessible surface. As shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the changes in surface area of Cu/SiO~2~ and Cu/Al~2~O~3~--SiO~2~ were more pronounced than those observed on Cu/TiO~2~ anatase and rutile. The initial surface areas of Cu/SiO~2~ (228 m^2^ g^--1^) and Cu/Al~2~O~3~--SiO~2~ (279 m^2^ g^--1^) were significantly higher than the homologous catalyst supported on TiO~2~ anatase and rutile (∼10 m^2^ g^--1^). After reaction, the surface area of Cu/TiO~2~ anatase and rutile slightly increased. This could be due to a reduction of the primary particle size caused by mechanical stress of the catalysts during reaction.^[@ref69]^ The opposite was observed on Cu/Al~2~O~3~--SiO~2~. In this case, a significant reduction of the surface area was observed (∼23% decreased). This could be due to a combination of surface reconstruction, pore collapse, or pore blockage.^[@ref70]^ In the case of Cu/SiO~2~, the decline in surface area was not significant (∼2% decreased) even after 20 h of reaction.

To characterize the nanoarchitecture of the Cu catalysts, HR-TEM was performed on the reduced catalysts before and after reaction (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The microscopic structure of nanosized SiO~2~ and Al~2~O~3~--SiO~2~ catalysts resembled that of agglomerated nanoparticles, which explains the high surface area and mesoporosity of the materials (\>200 m^2^ g^--1^). On TiO~2~ supports, the primary particles showed needle-like structure. In terms of particle size distribution, SiO~2~ and Al~2~O~3~--SiO~2~ had particle sizes ranging from 2 to 60 nm, with an average Cu particle size of 4 ± 8 nm and 3 ± 1 nm, respectively. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a-i and b-i, the particle size distribution was nearly bimodal on Cu/SiO~2~ with 75% of the particles in the range of 2 to 5 nm. The rest of the particles were in the range of 10 to 60 nm. In the case of Cu/TiO~2~ rutile and anatase, the average particle size of Cu nanoparticles was ∼3 ± 2 nm. Notably, these results indicate that the catalytic activity observed on Cu supported on SiO~2~ cannot be entirely explained in terms of metal dispersion as the catalysts with the lowest average particle size (i.e., Cu/TiO~2~ rutile and anatase) showed lower catalytic activities than those of Cu/SiO~2~.

![Transmission electron microscopy dark field (TEM-DF) and Cu particle size distribution of the different catalysts (i) before and (ii) after reaction of (a) Cu/SiO~2~, (b) Cu/Al~2~O~3~--SiO~2~, (c) Cu/TiO~2~ rutile, and (d) Cu/TiO~2~ anatase.](ie-2018-02488b_0008){#fig8}

After the reaction, the Cu particle size distribution was wider in all of the samples (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a-ii to d-ii). The Cu/SiO~2~ showed the highest degree of sintering after 20 h of reaction at 280 °C with average particle sizes of 9 ± 3 nm. In the case of Cu/Al~2~O~3~--SiO~2~, the particle size after reaction was wider compared to the fresh catalyst, and the average size was 8 ± 3 nm. In contrast, on Cu/TiO~2~ rutile and anatase, the average particle only slightly increased. These differences could be associated with the metal--support interactions between TiO~2~ and Cu clusters.^[@ref71]^ For this reason, industrial Cu catalysts use ZnO combined with other metal oxides (e.g., Ce, TiO~2~, Al~2~O~3~) as support. The electronic character of ZnO favors the interaction with Cu, which in turn enhances stability.^[@ref9],[@ref14],[@ref16],[@ref28],[@ref71]−[@ref74]^ It is important to remember that care must be taken in the utilization of HRTEM images as the only tool for the assessment of the catalyst particle size distribution.^[@ref75],[@ref76]^ This method is hindered by the small volume of sample analyzed. For this reason, this technique is quite effective when the particle size distribution is narrow, the contrast between the support and metal particles is sufficient (i.e., differences in atomic number are high), the sample-electron beam interaction is not significant, and the sample is homogeneous. Thereby, it is important to combine this technique with complementary characterization (e.g., X-ray diffraction).

XRD characterization of the catalysts was performed to determine the crystalline structure and crystallite size of the Cu species present on the different catalysts before and after the reforming reaction (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a). On Cu/SiO~2~, the intense diffraction peaks at 32, 35.5, 38, 48, 53, and 57° were indexed to the crystalline planes (110), (111̅), (111), (200), (202̅), and (002) of monoclinic tenorite CuO~2~ (JCPDS 481548).^[@ref77],[@ref78]^ In the case of Cu/Al~2~O~3~--SiO~2~, the peak intensity of the diffraction fingerprint of monoclinic CuO significantly decreased, which could be associated with either a smaller particle size of CuO or a lower degree of crystallinity.^[@ref79]^ The absence of diffraction peaks of SiO~2~ and Al~2~O~3~--SiO~2~ indicated that these high-surface area supports were amorphous. On CuO supported on TiO~2~, it was possible to identify both CuO monoclinic structure and TiO~2~ rutile and anatase phases. In the case of Cu/TiO~2~ rutile, the diffraction peaks 36, 38, 42, 44, 54, and 56° corresponded to the crystalline planes (101), (200), (111), (210), (211), and (220) of TiO~2~ rutile phase (JCPDS 820514), indicating the high purity of this crystalline material. On Cu/TiO~2~ anatase, the diffractions at 37.5, 48, 54, and 55° were indexed to the crystalline planes (004), (200), (105), and (211) TiO~2~ rutile phase (JCPDS 21-1272).^[@ref80]^

![X-ray diffraction of the different catalyst before reaction (a) and after 5 h of reaction (b), except for Cu/SiO~2~ in which the reaction was performed for 20 h. Depending on the composition of the material, three crystalline phases were detected, including CuO (●), Cu (■), TiO~2~ rutile (★), and TiO~2~ anatase (▲).](ie-2018-02488b_0009){#fig9}

After several hours of reaction, the materials were characterized by XRD to determine the crystalline structure of Cu metal nanoparticles ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). In the four catalysts, the absence of CuO monoclinic reflections indicates that reduction of Cu^2+^ to Cu^0^ was completed under these conditions. While it is possible that CuO is still present in the system, the fraction of metal oxide ranged between 2 and 10% according to TPR data ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). On Cu/SiO~2~ and Cu/Al~2~O~3~--SiO~2~, diffractions at 44 and 50° were attributed to the (111) and (200) planes that are characteristic of the faced centered cubic (fcc) structure of metallic Cu with the space group of *Fm*3*m* (JCPDS 85-1326).^[@ref81]^ The intensity and broadening of the reflections, however, indicated that on SiO~2~ the particles were more crystalline and larger compared to Al~2~O~3~--SiO~2~. On the TiO~2~ supported catalysts, it was possible to identify the rutile and anatase crystalline phases together with metallic Cu with an fcc structure. The analysis of the size of CuO and Cu crystalline domains using the Debye--Scherrer model ([eq [4](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) showed important differences between the different catalysts (see [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf)). Initially, the oxidized catalysts had average crystallite sizes of CuO ranging from 27 to 40 nm. Upon reduction at 300 °C in H~2~, the crystallite size increased significantly in all the catalysts, except on SiO~2~--Al~2~O~3~. Under reduced environments at high temperature, catalyst sintering is accelerated, which leads to particle growth. The process is strongly related to the initial dispersion of the metals,^[@ref82]−[@ref84]^ the Cu precursor,^[@ref85]^ the presence of additives,^[@ref86]^ metal--support interaction,^[@ref54]^ reduction temperature,^[@ref87]^ and spatial distribution of the metal clusters.^[@ref71]^ Therefore, it is possible that the drastic particle growth observed during reduction observed on Cu/SiO~2~ was caused by the relatively weak interaction of Cu-SiO~2~ support. In contrast, the stronger metal support interactions of Cu with TiO~2~ and Al~2~O~3~--SiO~2~ led to a lower sintering rate.^[@ref74],[@ref88]^ The average crystallite size showed significant deviation when compared to the HRTEM data. While it is true that crystallite size and particle sizes are not necessarily equal, the discrepancies herein observed could be due to the limitations of the HRTEM to capture large Cu clusters. In turn, the particle size distribution was artificially shifted to smaller sizes.

The results herein presented indicate that the activity, selectivity, and stability of the different catalysts during the methanol reforming reaction are strongly influenced by the acidity of the support, textural properties of the support, metal--support affinity, and to lesser extent the metal dispersion. In the case of Cu/SiO~2~, the high surface area and moderate acidity seemed to result in high catalytic activity in terms of mass of the catalyst and high selectivity to H~2~ even after long periods of time on stream (5--80 h).

4. Conclusions {#sec4}
==============

A detailed study of methanol steam reforming reaction Cu catalyst supported on different metal oxides was performed to establish structure--activity relationships. This was accomplished by combining steam reforming experiments under different reaction conditions using Cu catalyst supported on nanosized SiO~2~, Al~2~O~3~--SiO~2~, TiO~2~ rutile, and TiO~2~ anatase. The results indicate that on highly acidic supports (e.g., Al~2~O~3~--SiO~2~) the conversion of methanol rapidly decreased with the TOS. Thermal gravimetric analysis of the spent catalyst indicated the presence of carbon deposits, which could be responsible for the fast rates of deactivation. On TiO~2~ anatase, the catalytic activity and stability were significantly lower than that obtained on homologous TiO~2~ rutile. This observation was tentatively attributed to the differences in adsorbate--surface binding on TiO~2~ rutile and anatase. Cu supported on nanosized SiO~2~ showed the highest catalytic activity and selectivity among the materials screened. Steady state operation of Cu/SiO~2~ catalyst was performed for over 80 h of reaction at low and high pressures and temperatures with no changes in activity and selectivity. However, metal sintering was observed after reaction by means of HRTEM and XRD. This deactivation was most likely masked by the high level of methanol conversion (∼80%). The high activity and selectivity of Cu/SiO~2~ were attributed to the low acid site concentration. Notably, Cu supported on TiO~2~ rutile showed very high activity and stability (771 μmol H~2~·min^--1^·g~cat~^--1^), which is rather unexpected for a catalyst with rather low specific surface area (10 m^2^ g^--1^).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.iecr.8b02488](http://pubs.acs.org/doi/abs/10.1021/acs.iecr.8b02488).Additional details on the following results of catalyst characterization for the different catalysts herein employed, including peak distribution for the temperature-programmed reduction, deconvolution of the temperature-programmed desorption of NH~3~, N~2~-desorption isotherms, H~2~ consumption, extent of CuO reduction, carbon deposits from thermal gravimetric analysis, and crystallite size; some supplementary results related to the catalytic activity, including product distribution as a function of time on stream (TOS) for Cu/SiO~2~, hydrogen productivity as a function of the catalyst to feed ratio for the Cu/SiO~2~ catalyst, Weisz--Prater criterion obtained for the different catalysts utilized for the reaction experiments, conversion, activity and selectivity for the different catalysts, conversion and product distribution as a function of temperature on Cu/SiO~2~ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.8b02488/suppl_file/ie8b02488_si_001.pdf))
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